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The ability to monitor and control distinct states is at the heart of emerging quantum technologies.
The valley pseudospin in transition metal dichalcogenide (TMDC) monolayers is a promising degree
of freedom for such control, with the optical Stark effect allowing for valley-selective manipulation of
energy levels in WS2 and WSe2 using ultrafast optical pulses. Despite these advances, understanding
of valley-sensitive optical Stark shifts in TMDCs has been limited by reflectance-based detection
methods where the signal is small and prone to background effects. More sensitive polarization-
based spectroscopy is required to better probe ultrafast Stark shifts for all-optical manipulation of
valley energy levels. Here, we show time-resolved Kerr rotation to be a more sensitive probe of the
valley-selective optical Stark effect in monolayer TMDCs. Compared to the established time-resolved
reflectance methods, Kerr rotation is less sensitive to background effects. Kerr rotation provides
a five-fold improvement in the signal-to-noise ratio of the Stark effect optical signal and a more
precise estimate of the energy shift. This increased sensitivity allows for observation of an optical
Stark shift in monolayer MoS2 that exhibits both valley- and energy-selectivity, demonstrating the
promise of this method for investigating this effect in other layered materials and heterostructures.
I. INTRODUCTION
Manipulating electronic systems with light provides
a controllable, high-speed, and non-destructive mecha-
nism for coherent measurement or control of quantum
states [1–6]. First observed in atomic and molecular
systems [7–10], off-resonant light can cause energy lev-
els to shift with negligible optical absorption, establish-
ing the basic mechanism underlying neutral atom dipole
traps [11, 12]. This light-matter interaction, known as
the optical Stark effect, can also be used in solid state
systems for ultrafast manipulation of semiconductor exci-
ton levels in III-V quantum wells and quantum dots [13–
16]. By harnessing the optical selection rules of mate-
rials, the Stark effect can be selectively applied to spin-
polarized excitons [17–19], thereby splitting degenerate
spin states without the use of external magnetic fields.
This capability for all-optical state shifting can enable
both classical applications such as ultrafast switches [20]
and modulators [21] as well as quantum coherent control
of spin [1–6]. The polarization-sensitive optical Stark
effect can be generalized for coherent control of more
exotic systems, evidenced most recently by the valley
pseudospin in monolayer transition metal dichalcogenides
(TMDCs) [22].
In monolayer TMDC crystals, inversion asymmetry
∗ n-stern@northwestern.edu
and spin-orbit coupling create two regions of momen-
tum space, or valleys, that are degenerate in energy
but possess different Berry curvature and coupling to
circularly polarized light. The resulting valley pseu-
dospin becomes an intrinsic label for the distinct elec-
tronic [23], excitonic [24], and recently, polaritonic [25]
excitations in monolayer TMDCs that can potentially
be used to carry information in analogy to spin [26].
Using circularly polarized light, the optical Stark ef-
fect can selectively break the valley degeneracy [27, 28].
Exploiting the polarization-selective optical Stark effect
for coherent control of the valley degree of freedom [22]
demonstrates a key requirement for information process-
ing in valleytronics, but remains a relatively unexplored
phenomenon observed in only a handful of monolayer
TMDCs.
The ability to precisely monitor the evolution of val-
ley peudospin is essential for development of coherent
valleytronics. To date, the optical Stark shift (∆E) of
one valley has typically been monitored with absorption-
sensitive probes [22, 27, 28], but these approaches are hin-
dered by a variety of absorptive background effects [13,
14, 22, 27, 28] that can pollute the signal and limit sen-
sitivity. By using optical probes directly sensitive to po-
larization, polarization-independent background signals
can be suppressed, enabling more precise measurements
of the valley splitting induced by the optical Stark effect
in a broader set of materials and heterostructures.
Taking advantage of polarization selection rules, time-
resolved Kerr and Faraday rotation are powerful meth-
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FIG. 1. Kerr rotation induced by the valley-selective optical Stark effect. (a) The valley Stark shift in the monolayer TMDC
band structure. Due to optical selection rules, a σ− below-bandgap pump only couples to the K valley, resulting in a valley-
dependent optical Stark shift and corresponding change in the complex refractive index n˜−. (b) Schematic of TR-KR on
monolayer WSe2. A detuned circularly-polarized pump induces a rotation of the linear polarization angle θ in the reflected
probe when the beams are spatially and temporally overlapped (t = 0). (c) Illustration of the imaginary (κ−) and real (n−)
parts of the refractive index in WSe2 near the exciton resonance. The sub-bandgap pump causes a blue-shift ∆E of the exciton
in the K valley, which changes the κ−(ω) and n−(ω) spectra. The bottom panels show the corresponding spectra of ∆κ−(ω)
and ∆n−(ω), which are defined as the difference between the spectra with the σ− pump on and off. The σ− pump does not
couple to the K′ valley, so n˜+ is unaffected.
ods for probing coherent rotation of spin states caused by
the optical Stark effect in semiconductors [3, 6, 29, 30].
Similar selection rules at the K and K′ valleys of single-
layer TMDCs dictate that the band-edge optical transi-
tions in each valley uniquely couple to left-handed (σ−)
or right-handed (σ+) circularly polarized light, respec-
tively [23] (Fig. 1a). Asymmetry in the response of mono-
layer TMDCs to σ− and σ+ light, encoded in the complex
index of refraction (n˜± = n± + iκ±), can be detected by
the Kerr rotation angle θ of reflected linearly polarized
light (Fig. 1b). Using an above-bandgap pump, time-
resolved Kerr rotation (TR-KR) can be used to measure
valley lifetimes of carriers in TMDCs [31–35]. Since a
valley-selective energy shift also generates an asymmetry
between n˜± [22, 27, 28] (Fig. 1c), TR-KR should be sim-
ilarly sensitive to the valley-selective optical Stark effect
caused by an off-resonant below-bandgap pump.
In this paper, we demonstrate the use of time-resolved
Kerr rotation to measure the valley-selective optical
Stark effect in TMDC monolayers. The established time-
resolved reflectance (TR-R) [22, 27, 28] measurement is
performed on the same sample under the same pump and
probe conditions to provide quantitative comparison of
the two methods. ∆E extracted from TR-R and TR-KR
for WSe2 agree, confirming the accuracy of the analysis.
TR-KR is free from the absorptive background signals
present in TR-R, allowing for more direct and precise
measurement of the valley-selective Stark shift. With a
nominal rotation angle sensitivity of 3 µrad, we use TR-
KR to effectively measure a Stark shift of 4 µeV – the
smallest reported shift in current literature. We exploit
the increased sensitivity and background signal suppres-
sion of TR-KR to observe the valley- and energy-selective
optical Stark effect in MoS2.
II. PUMP-PROBE MEASUREMENTS OF THE
OPTICAL STARK EFFECT
Both time-resolved reflectance and Kerr rotation mea-
surements of the valley-selective optical Stark effect use
ultrafast pulses to induce an excitonic energy shift and
to detect the pump-induced changes in n˜± as a func-
tion of pump-probe delay time t. TR-R measures the
change in reflectance of one particular valley using a
circularly-polarized probe. In contrast, TR-KR measures
the induced phase difference between circular polariza-
tion components of a linearly polarized probe. TR-R
and TR-KR measurements predominantly probe differ-
ent parts of the refractive index: for transparent sub-
strates, TR-R is primarily sensitive to changes in the
imaginary part (∆κ) [13, 14, 22, 27, 28], while TR-KR is
primarily sensitive to changes in the real part (∆n) [36].
While the exact relationship between the TR-R/TR-KR
spectra and the complex refractive index is more compli-
cated with reflective substrates due to thin film effects,
the complementary nature of the two measurements per-
sists (see Supplementary Material (SM)). Regardless of
substrate, Kerr rotation probes a part of the ∆n˜ spec-
trum induced by the valley-selective optical Stark effect
3that was previously unmeasured using absorptive meth-
ods.
The magnitude of the Stark shift in the case of a
continuous-wave pumping field is given by
∆Ecw =
|M|2E2
2∆pump
(1)
where M is the transition dipole moment of the exciton
transition, E is the amplitude of the pump electric field,
and ∆pump = E0−Epump is the red-detuning of the pump
energy Epump from the exciton resonance E0 [28]. In
ultrafast experiments, the observed Stark shift depends
on the pump-probe delay t and has a maximum value
when the pump and probe pulses overlap in time (t =
0). The comparable duration of the pump and probe
pulses means that the probe samples a range of pump
field amplitudes, so the observed maximum Stark shift
is actually a convolution of the temporal profile of the
Stark shift and the probe pulse. Moreover, the competing
timescales of pump pulse width and exciton formation
can significantly reduce the magnitude of the observed
Stark shift [22]. Hence, Eq. (1) is not directly applicable
to ∆E measured by pump-probe techniques. Instead, the
magnitude of the observed Stark shift is characterized by
∆E = C
Ipeak
∆pump
(2)
where Ipeak ∝ E2peak is the peak intensity of the pump
pulse, and C is a phenomenological proportionality con-
stant. C accounts for deviations from Eq. (1) due to ex-
citon formation time and pulse width, and also absorbs
|M|2.
III. INCREASED SENSITIVITY TO STARK
SHIFT USING KERR ROTATION
The optical Stark effect has previously been observed
in WSe2 and WS2 using TR-R, but an absorptive
background signal is present in all reported measure-
ments [22, 27, 28]. Here, we measure the optical Stark
effect in WSe2 on a Si/SiO2 substrate using both TR-R
and TR-KR to demonstrate not only the suppression of
these background signals when using TR-KR, but also in-
creased sensitivity to the Stark shift ∆E. Conditions for
TR-R and TR-KR experiments are identical for accurate
comparisons. All measurements are performed under
vacuum at 20 K. Pump and probe pulses have an effec-
tive full-width at half-maximum (FWHM) of ∆t ∼ 375 fs
estimated from the observed temporal response (see SM).
The pump has center energy Epump = 1.49 eV. A peak
pump intensity Ipeak = fluence/∆t = 320 MW/cm
2 is
used for all measurements unless otherwise noted. Probe
pulses have peak intensity Iprobe ∼ 4 MW/cm2. At
20 K, the lowest-energy exciton in WSe2 has energy E0 =
1.73 eV, and ∆pump = 0.24 eV is small enough that the
Bloch-Seigert shift can be ignored [37, 38]. The probe
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FIG. 2. Optical Stark effect in WSe2 probed by TR-R. (a)
Differential reflectance as a function of probe delay t for mono-
layer WSe2 at 20 K using both σ− and σ+ polarized probes.
The background signal at t > 0 is present for both probe po-
larizations, while the optical Stark effect signal near t = 0
only occurs when the pump and probe polarizations have the
same helicity. (b) Spectral dependence of the TR-R optical
Stark signal after background subtraction. The fit (red) al-
lows extraction of the Stark shift ∆E.
is tuned over a range of energies near E0 from 1.68 –
1.8 eV to obtain the TR-R and TR-KR spectra, with un-
certainty estimated by repeating the measurements three
times at each probe energy.
A. Time-resolved reflectance
We first measure the transient differential reflectance
∆R/R to quantify the influence of background signals
and to establish the precision of TR-R using our ex-
perimental setup. Fig. 2a shows the probe polarization
dependence of TR-R at E0 = 1.74 eV for a σ− pump.
Since the exciton energy only blue-shifts during the pump
pulse, the signal of interest only occurs when the pump
and probe pulses overlap. This manifests as a peak in
∆R/R of width ∼ 500 fs near t = 0 only when probe
and pump are co-polarized (σ−), indicative of the valley-
selective optical Stark effect. There is also a signal that
is independent of probe polarization that persists be-
yond t ≈ 0. As previously reported [15, 28, 39], this
background can be explained by two-photon excitation
of real excitons by the pump. The two-photon excita-
tion energy (2.99 eV) is significantly larger than the ex-
citon bandgap (1.73 eV) at the K points. Since the val-
ley selection rules are only valid near the K points of
the band structure [23, 40], the hot carriers generated
4by two-photon absorption at 2.99 eV are not valley spe-
cific. Their relaxation creates equal exciton populations
in both valleys, resulting in a TR-R background signal
that is independent of the probe polarization.
The TR-R spectrum shown in Fig. 2b is the differ-
ence between the t = 0 signals for the σ− and σ+ probe
polarizations as a function of probe energy. This rep-
resents the circular dichroism spectrum induced by the
Stark shift. The TR-R spectrum does not exhibit the
“Lorentzian-derivative” lineshape reported for WSe2 on
sapphire [27] due to the reflective substrate. ∆E is ex-
tracted from the TR-R spectrum following the analysis
of Ref. [22] by modeling the exciton resonance as a sin-
gle Lorentz oscillator. From the TR-R analysis, we find
∆E = 62± 11 µeV, where the range represents the 95%
confidence interval of the estimate (see SM).
B. Time-resolved Kerr rotation
We use the same pump-probe apparatus with modified
polarization and detection optics to measure the valley-
selective Stark shift using Kerr rotation. Fig. 3a shows
the pump polarization dependence of the TR-KR sig-
nal θ(t). Once again, there is a signal near t = 0, but
now the background signal that was present in TR-R is
suppressed below noise levels for all pump powers avail-
able to our system. Upon switching pump polarization
from σ− to σ+, the Kerr rotation angle has comparable
magnitude but inverted sign. There is no appreciable
signal for a linearly polarized pump. This is in contrast
to TR-R with a linearly polarized pump, which shows a
signal in both valleys with half the magnitude as that
observed with the circularly polarized pump [28]. This
distinction is because Kerr rotation probes the difference
in the refractive index of the WSe2 for σ+ and σ− po-
larized light, n˜±(ω). The linearly polarized pump, which
is a combination of σ+ and σ− polarization, couples to
both valleys equally. The Stark shift of both valleys is
identical, and so the difference in n˜±(ω) is zero. This
also explains why Kerr rotation is not sensitive to the
polarization-independent background effects observed in
the TR-R measurement.
The TR-KR spectrum shown in Fig. 3b has a signal-to-
noise ratio (defined as the ratio between the peak signal
magnitude and the average uncertainty of each point)
of 59, which is 5 times greater than the signal-to-noise
ratio for the TR-R spectrum measured under the same
pump and probe conditions. This improved sensitivity
is due to the suppression of background effects and the
common mode noise rejection of the balanced photode-
tectors in TR-KR (Appendix A). With the parameters
and collection times used in this experiment, the rota-
tion angle sensitivity is about 3 µrad. While this limit is
not fundamental and can be improved with signal aver-
aging, the collection parameters here are kept the same
as for TR-R, in which sensitivity is more limited due to
the background signal.
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FIG. 3. Optical Stark effect in WSe2 probed by TR-KR. (a)
Kerr rotation angle as a function of delay time t in monolayer
WSe2 at 20 K for different pump polarizations. The instanta-
neous signal near t = 0 for circularly polarized pump light is
caused by the optical Stark effect. (b) Spectral dependence of
TR-KR for σ- pump. (c) ∆κ− spectra extracted from fits to
the TR-KR and TR-R spectra for the same pump conditions.
The Kerr spectrum is fit with a reflection model sim-
ilar to the one used in Ref. [22] in which the WSe2 di-
electric function is modeled with Lorentz oscillators (Ap-
pendix B). The analysis accounts for the multi-interface
thin film effects from the Si/SiO2 substrate that cause
the TR-KR spectrum to vary non-negligibly from the
∆κ spectrum of WSe2. By comparing the measured TR-
KR spectrum (Fig. 3b) to the ∆κ spectrum extracted
from this fit (Fig. 3c), we see qualitatively that the TR-
KR measurement is primarily sensitive to changes in the
imaginary part of the refractive index. This is in contrast
to the TR-R measurement, which is primarily sensitive
to changes in the real part (see SM). The ∆κ spectrum
extracted from both the TR-R and TR-KR fits are plot-
ted in Fig. 3c. Both show the characteristic “Lorentzian-
derivative” spectral dependence [27, 28, 41] with larger
weight given to the low-energy side of the feature. This
asymmetry has been observed previously [22, 28, 38], and
was accounted for in our model by allowing the exci-
ton resonance to broaden while preserving the oscilla-
tor strength of the transition [15, 16, 22, 42, 43]. This
5broadening could be caused by inhomogeneous broaden-
ing due to the finite bandwidth (∼ 14 meV FWHM) of
the pump pulse [16, 44, 45], or from exciton-exciton in-
teractions [46] between excitons generated by two-photon
absorption. From the fit to the Kerr spectrum, we find
∆E = 72 ± 5 µeV. The ∆E extracted from TR-KR
and TR-R agree reasonably well, with overlapping 95%
confidence intervals. While a significant portion of the
uncertainty in ∆E extracted from TR-R is due to mea-
surement error in the TR-R spectrum, this is not the
case for ∆E extracted from TR-KR. The TR-KR confi-
dence interval is limited by the uncertainty in the initial
Lorentz oscillator model parameters, and an even more
precise result is achieved if these are well-known (more
details of the fitting and analysis are in SM). The agree-
ment between the TR-R and TR-KR fits using a simple
two parameter model suggests that the salient features of
the Stark shift phenomenon are detected by both meth-
ods. The improved sensitivity demonstrates that Kerr
rotation is an effective probe of the valley-selective opti-
cal Stark effect in WSe2.
IV. OPTICAL STARK EFFECT IN MoS2
PROBED BY KERR ROTATION
The improved sensitivity of Kerr rotation to the valley-
selective Stark effect is attractive for studying this phe-
nomenon more broadly in TMDCs. In contrast to WSe2,
the exciton resonances in MoS2 have significantly broader
linewidths and lower oscillator strengths [47]. This
lessens the magnitude of the ∆R/R signal induced by
the optical Stark effect, which is generally proportional to
the slope of the exciton absorption feature [27] (Fig. 1c).
Consequently, ∆R/R is reduced in MoS2 and the back-
ground artifacts in TR-R are comparatively more signif-
icant, which may account for the lack of reports of val-
ley Stark shift in MoS2 so far. The increased sensitivity
of the TR-KR measurement allows us to definitively ob-
serve and quantify the valley-selective optical Stark effect
in MoS2.
Fig. 4a shows the TR-KR spectrum induced by the
optical Stark effect in MoS2, which exhibits a more com-
plicated energy dependence compared to the straightfor-
ward WSe2 TR-KR spectrum. This complexity orig-
inates from simultaneous significance of both the A
and B excitons. Previous work in WS2 and WSe2 re-
ports the valley-selective Stark shift for only the A ex-
citon [22, 27, 28, 38]. In these materials, the A and B
excitons are spectrally distinct due to large spin-splitting
in the valence band (∼ 450 meV) [48, 49]; the spectral
response near the lower-energy A exciton can be ana-
lyzed without considering the B exciton. In MoS2, how-
ever, the spin splitting is much smaller (∼ 150 meV), and
both excitons must be included in the analysis. Because
of the A and B exciton selection rules (Fig. 4a inset), the
σ− below-bandgap pump induces a shift in both the A
and B excitons in the same K valley. While the optical
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FIG. 4. Optical Stark effect in MoS2 probed by TR-KR.
(a) Kerr rotation angle as a function of probe energy in
MoS2 on Si/SiO2 at 295 K using a σ− pump with Ipeak =
320 MW/cm2, demonstrating optical Stark effect for both
the A and B excitons. Inset: Schematic of the optical se-
lection rules for MoS2, including the spin-splitting that gives
rise to the A and B excitons. (b) Fit to the measured Kerr
spectrum (red) and the expected ∆R/R spectrum (blue) cal-
culated from the ∆E extracted from the Kerr spectrum. The
representative noise levels for the experiment are shown as
shaded regions.
Stark shift of two energetically distinct exciton states has
been observed in few-layer ReS2 [39], those excitons are
not valley-sensitive [50]. The simultaneous shift of the
A and B excitons in MoS2 represents the first report of
the energy- and valley-selective optical Stark effect in a
single material system.
Demonstrated in Fig. 4a, the MoS2 Kerr spectrum can
be understood using the same methods as in WSe2 ex-
tended to include the blue-shift of both the A and the
B excitons (Appendix B). Fig. 4b shows the expected
∆R/R spectrum that corresponds with the fit to the
Kerr spectrum. The expected ∆R/R signal for MoS2 is
comparable to the noise, whereas the Kerr spectral fea-
tures are significantly larger than the noise floor. While
additional signal averaging could reveal the TR-R spec-
trum, the TR-KR measurement for the same pump and
probe conditions is a significantly more effective mea-
surement. For MoS2 at 295 K, the pump is red-shifted
from the A and B excitons by ∆Apump = 0.36 eV and
∆Bpump = 0.51 eV, respectively. We extract a Stark
6Material Substrate Ref. f C (eV2cm2/GW)
WS2 Sapphire [28] 2.22 3.7× 10−3
WSe2 Sapphire [27] 0.35 3.6× 10−4
WSe2 Si/SiO2 [22] 0.71 3.2× 10−5
WSe2 Si/SiO2 0.63 5.3× 10−5
MoS2 Si/SiO2 0.29 9.4× 10−6
TABLE I. Proportionality constant C for optical Stark shift
of A exciton in TMDCs estimated from literature. Our values,
presented in the bottom two rows, calculate C from the fits to
Kerr rotation spectra. The magnitude of C follows the same
trend as the A exciton oscillator strength f when holding
substrate constant.
shift of ∆EA = 8.4 ± 1.3 µeV for the A exciton and
∆EB = 4.3 ± 2.4 µeV for the B exciton. If we assume
that the proportionality constant C is similar for the
A and B excitons, then the inverse scaling with ∆pump
predicts that ∆EB∆
B
pump = ∆EA∆
A
pump. We find that
∆EA∆
A
pump = 3.0 ± 0.5 µeV · eV and ∆EB∆Bpump =
2.2 ± 1.2 µeV · eV agree within uncertainty, supporting
this assumption.
This new observation in MoS2 is compared to other
TMDC monolayers in Table I by considering the pro-
portionality constant C extracted from available mea-
surements of the A exciton valley-selective optical Stark
shift in TMDCs. While a direct comparison is not pos-
sible due to limited information on the pulse characteri-
zation, general trends are evident. There are large vari-
ations in C (up to 103) depending on both the mate-
rial and the substrate, which is unsurprising since exci-
tons in TMDC monolayers are very sensitive to dielec-
tric environment [51–53]. Table I also lists the oscillator
strengths (f ∝ |M|2) extracted by fitting the reflectance
contrast or absorption spectra. Since C depends on exci-
ton formation time and pulse width, which vary between
materials and experimental setups, we do not necessar-
ily expect C to correspond numerically to f . However,
when holding substrate constant, some correspondence
does appear. For sapphire substrates in Table I, we see
that fWSe2 < fWS2 , and correspondingly CWSe2 < CWS2 .
Similarly, for Si/SiO2 substrates fMoS2 < fWSe2 and
CMoS2 < CWSe2 . This trend CMoS2 < CWSe2 < CWS2
also agrees with previous measurements of f for the
A exciton transition in these materials on fused silica
(fMoS2 = 0.301 < fWSe2 = 0.312 < fWS2 = 0.554) [47].
V. CONCLUSIONS
This work demonstrates the use of Kerr rotation to
measure the valley-selective optical Stark effect in mono-
layer TMDCs. By probing a different component of the
complex refractive index, Kerr rotation dramatically im-
proves the sensitivity to valley Stark shifts compared to
reflectance-based techniques. The enhanced sensitivity of
Kerr rotation allows detection of smaller Stark shifts with
higher precision, enabling exploration of valley-selective
optical Stark effects in other monolayer TMDCs and het-
erostructures. To this end, we exploit the improved pre-
cision to measure the previously unobserved optical Stark
effect in MoS2. The Stark shift of both the A and B exci-
tons in MoS2 are separable, demonstrating that energy-
and valley-selective manipulation of excitonic states can
be achieved simultaneously in a single material system.
The measured Stark shift of 4 µeV represents the smallest
reported exciton energy shift in a TMDC. These results
establish Kerr rotation as an accurate, high-precision
probe of spin-valley degeneracy breaking and an attrac-
tive tool for exploring valley-selective differential energy
shifts in monolayer and heterostructure devices.
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Appendix A: Experimental methods
1. Sample Preparation
WSe2 flakes are prepared from a commercial crystal
by mechanical exfoliation onto a Si substrate topped with
285 nm of SiO2. Samples are then annealed at 400
◦ C for
3 hours in an Ar-rich environment. Monolayers are con-
firmed by PL measurements. All monolayer flakes have
dimensions exceeding 30×80 µm2. Monolayer MoS2 sam-
ples are grown by chemical vapor deposition directly on
a Si/SiO2 substrate [54] (see SM). Ti/Au alignment win-
dows are added to all samples using optical lithography
and thermal gold evaporation to facilitate alignment to
the area of interest.
72. Time-Resolved Measurements
All time-resolved measurements are made using a
Ti:sapphire laser (Coherent Mira 900-F) with a repe-
tition rate of 76 MHz and a nominal pulse width of
∼150 fs. The beam is split into a pump and a probe arm.
For the pump, the 1.49 eV output from the Ti:sapphire
laser is passed through a delay line and is chopped at
100 kHz using two crossed linear polarizers and a pho-
toelastic modulator set to half-wave retardance. The
probe arm pumps an optical parametric oscillator (Mira-
OPO) which provides tunable output from 1.65 – 2.48 eV.
The probe is mechanically chopped at 1.3 kHz. For the
TR-R measurements, both the pump and probe beams
are circularly polarized using a linear polarizer followed
by a quarter-wave plate. The pump and probe beams
are focused onto the sample using a 20× objective to
achieve overlapping spot sizes of 15 µm and 10 µm, re-
spectively. The reflected probe is sent to an amplified
Si photodetector (Thorlabs PDA10A) for lock-in detec-
tion using a time constant of 200 ms. Both the pump
induced ∆R and the equilibrium reflectance R are si-
multaneously measured for each probe energy. For the
TR-KR measurements, the pump is circularly polarized
while the probe is linearly polarized. The beams are
again combined and focused onto the sample using a 20×
objective. The reflected probe is sent through a Glan-
Thompson polarizing beam splitter, and the outputs are
focused onto a balanced photodiode bridge (Thorlabs
PDB450A) for lock-in detection. A half-wave plate just
before the polarizing beam splitter is used to balance the
photodiode signals. The photodiodes used for the TR-R
and TR-KR measurements have comparable responsiv-
ity and transimpedance gain. The noise floor in the TR-
R and TR-KR measurements are 2 × 10−3 %/√Hz and
0.63 µrad/
√
Hz, respectively.
Appendix B: Fit to Kerr rotation spectrum
The complex Kerr rotation angle can be written as
θ˜ = θ + iξ (B1)
where θ is the Kerr rotation angle and ξ is the Kerr el-
lipticity. Assuming incident light is linearly polarized
along the x-axis, and assuming that θ and ξ are small,
the Kerr angle can be written in terms of the reflection
coefficients [36]:
θ˜ ≈ ry
rx
=⇒ θ = Re(θ˜) = Re
(
ry
rx
)
(B2)
The reflection coefficients can be expressed in the circu-
larly polarized basis:
rx =
1√
2
(r− + r+), ry =
−i√
2
(r− − r+) (B3)
and plugging (B3) into (B2) we have:
θ = Re
(
−i r− − r+
r− + r+
)
= Im
(
r− − r+
r− + r+
)
(B4)
For a sub-resonant pump with σ− circular polarization,
only the K valley will shift from the valley-selective Stark
effect. Hence, the σ− component of the linearly polarized
probe will probe the Stark-shifted K exciton, while the
σ+ component will probe the unperturbed K
′ exciton.
At normal incidence, the polarized reflection coefficients
r+ and r− can be found from the Fresnel equations:
r+ =
r1e
−i(β1+β2)+r2ei(β1−β2)+r3ei(β1+β2)+r1r2r3e−i(β1−β2)
e−i(β1+β2)+r1r2ei(β1−β2)+r1r3ei(β1+β2)+r2r3e−i(β1−β2)
r− =
r′1e
−i(β′1+β2)+r′2e
i(β′1−β2)+r3ei(β
′
1+β2)+r′1r
′
2r3e
−i(β′1−β2)
e−i(β
′
1+β2)+r′1r
′
2e
i(β′1−β2)+r′1r3e
i(β′1+β2)+r′2r3e
−i(β′1−β2)
with
r1 =
n˜air − n˜WSe2
n˜air + n˜WSe2
, r2 =
n˜WSe2 − n˜SiO2
n˜WSe2 + n˜SiO2
, r3 =
n˜SiO2 − n˜Si
n˜SiO2 + n˜Si
and
β1 = 2pi
n˜WSe2dWSe2
λ
, β2 = 2pi
n˜SiO2dSiO2
λ
where λ is the wavelength of the light in vacuum, dWSe2 =
0.65 nm and dSiO2 = 285 nm are the material thicknesses,
and n˜j = nj + iκj is the complex index of refraction
for material j. The primed r′1, r
′
2, and β
′
1 are found by
replacing the index n˜WSe2 by the pump-modified n˜
′
WSe2
index. We use literature values for the refractive index
of Si and SiO2 [55, 56] and the 500 µm Si substrate is
approximated as semi-infinite.
The refractive index of WSe2 in the region of the A ex-
citon is modeled by a single Lorentz oscillator at the ex-
citon resonance plus four additional oscillators centered
at higher energies to account for off-resonance contribu-
tions. We note that this simple model does not account
for the influence of lower-energy trions, which are valley-
sensitive [57, 58] and could therefore also exhibit a stark
shift. Initial parameters of the Lorentz oscillators are
found from a fit to the unperturbed reflectance contrast
spectrum (see SM). To model the Stark shift in n˜′WSe2 ,
the energy and width of the oscillator associated with
the A exciton is allowed to vary while preserving the os-
cillator strength [15, 16, 22, 42, 43]. The finite width
of the probe is accounted for by convoluting a Gaus-
sian (FWHM= 10 meV) with the Kerr angle predicted
by (B2) when fitting the measured data. This Gaussian
convolution has only minor impact on the extracted ∆E.
For the MoS2 analysis, dSiO2 = 325 nm, and an addi-
tional oscillator is used to fit the B exciton resonance.
The MoS2 Kerr spectrum is fit by allowing the energy
and width of both the A and B exciton oscillators to vary
independently, again while preserving oscillator strength.
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